Introduction {#sec1}
============

Duchenne muscular dystrophy (DMD) remains an incurable monogenic disorder, caused by frame-disrupting mutations in the *DMD* gene, resulting in pre-termination of the functional dystrophin protein.[@bib1] Although the approval of the first antisense oligonucleotide (AO) drug (eteplirsen), which functions by removing mutated exons and restoring reading frame of the *DMD* gene, brought hope and excitement for the DMD community, its efficacy needs to be improved for clinical deployment, as only negligible levels of functional dystrophin protein were detected in treated DMD patients.[@bib2], [@bib3] Despite recent studies demonstrating that the sequence selection might not be optimal,[@bib4] insufficient delivery of AOs largely accounts for its inefficiency.

A myriad of strategies to enhance the systemic delivery efficiency of AOs has been under scrutiny, including the use of cell-penetrating peptides (CPPs), nanoparticles, viruses, and small compounds.[@bib5], [@bib6] Among them, CPPs led the way due to advantages such as small molecular weight and high membrane permeabilization capacity; however, the safety profiles present a hurdle for their clinical translation.[@bib7] Nanoparticles including synthetic and natural biological nanoscale vesicles such as exosomes have been explored as delivery vehicles for AOs, wherein the former showed limited efficacy and the latter is still in early development.[@bib6], [@bib8] Recently, small compounds have found favor, particularly the ones used in the clinic for other therapeutic purposes, such as dantrolene and hexose, which showed promise as adjuvants to enhance AOs' efficacy and can be fast-tracked to the clinic.[@bib9], [@bib10], [@bib11], [@bib12]

We previously demonstrated that hexose, particularly the mixture of 2.5% glucose and 2.5% fructose (GF), could augment the activity of phosphorodiamidate morpholino oligomers (PMOs) in peripheral muscles and elicit long-term beneficial effect on *mdx* mice.[@bib11], [@bib12] However, most DMD patients suffer from cardiac failure, which is the leading cause for the mortality of DMD patients.[@bib13] Here we evaluated the potency of GF to enhance the activity of AOs in cardiac muscles of dystrophic mice with a chimeric peptide-conjugated PMO (namely, BMSP-PMO), which was shown to be efficacious in both peripheral and cardiac muscles of adult *mdx* mice.[@bib14] We demonstrated that GF augmented the activities of BMSP-PMO in peripheral, smooth, and cardiac muscles of adult *mdx* mice but failed in aged *mdx* mice, indicating that GF functions in an age-dependent manner. Therefore, our study unveils the functionality of GF in enhancing the potency of AOs in dystrophic hearts, and it also provides evidence for the potentially applicable DMD populations.

Results {#sec2}
=======

GF Augments Peptide-Conjugated PMO Activities in Peripheral Muscles of Adult *mdx* Mice {#sec2.1}
---------------------------------------------------------------------------------------

To assess the capacity of GF to potentiate the activity of peptide-conjugated PMOs, we co-administered GF with BMSP-PMO (BMSP-PMO-GF) at the dose of 6 mg/kg as a single intravenous injection in adult *mdx* mice, as this dose was shown to be effective in peripheral muscles.[@bib14] We reasoned that a low but effective dose of BMSP-PMO would allow differentiating GF's enhancement on BMSP-PMO activities. As expected, BMSP-PMO-GF induced more dystrophin-positive fibers and significantly higher levels of dystrophin restoration than BMSP-PMO in saline (BMSP-PMO-S) in skeletal muscles of treated *mdx* mice, though no dystrophin was found in the heart at this dose ([Figures 1](#fig1){ref-type="fig"}A--1C). Up to a 3.6-fold higher level of dystrophin protein was detected in the diaphragm of BMSP-PMO-GF-treated *mdx* mice compared to BMSP-PMO-S ([Figure 1](#fig1){ref-type="fig"}D).Figure 1Dystrophin Restoration in Adult *mdx* Mice Treated with a Single Intravenous Injection of 6 mg/kg BMSP-PMO-GF or BMSP-PMO-S(A) Immunohistochemistry for dystrophin expression in body-wide muscles from adult *mdx* mice treated with BMSP-PMO-GF or BMSP-PMO-S (scale bar, 100 μm). (B) Representative western blot image to show dystrophin restoration in *mdx* mice treated with BMSP-PMO-GF. 2.5, 5, and 10 μg total protein from *C57BL6* and 50 μg from untreated and treated *mdx* muscle samples were loaded, respectively. α-actinin was used as the loading control. (C) Quantitative analysis of western blot results with ImageJ (\*p \< 0.05). TA, tibialis anterior; Q, quadriceps; G, gastrocnemius; T, triceps; D, diaphragm; A, abdominal muscle. The data are presented as mean ± SEM unless otherwise specified (n = 3). Saline and GF refer to BMSP-PMO-S or BMSP-PMO-GF, respectively. (D) Fold change for BMSP-PMO-GF relative to BMSP-PMO-S. (E) Quantification of PMO levels in quadriceps and triceps from treated *mdx* mice with ELISA (n = 3, \*p \< 0.05). (F) Measurement of ATP levels in quadriceps of treated adult *mdx* mice (n = 3). Significance was determined with a two-tailed t test.

Likewise, GF also enhanced the activity of R-PMO, another peptide-conjugated PMO shown to be effective in *mdx* mice,[@bib15] in peripheral muscles of treated adult *mdx* mice, as dystrophin-positive fibers and levels of dystrophin protein dramatically increased in most peripheral muscles from mice treated with R-PMO in GF compared to the saline group under identical conditions ([Figures S1](#mmc1){ref-type="supplementary-material"}A--S1C).

To verify if the enhanced activity was due to an increased uptake of PMO, we measured PMO in peripheral muscles. Consistent with previous observations,[@bib11] the amount of PMO was significantly elevated in quadriceps of BMSP-PMO-GF-treated *mdx* mice compared to corresponding tissues from BMSP-PMO-S-treated *mdx* mice ([Figure 1](#fig1){ref-type="fig"}E). However, the ATP level in the quadriceps of BMSP-PMO-GF-treated *mdx* mice only marginally rose compared to BMSP-PMO-S ([Figure 1](#fig1){ref-type="fig"}F), suggesting that a small increase in ATP levels likely enables amplified effect on the uptake of BMSP-PMO, resulting in enhanced activities. These results demonstrate that GF can augment the efficacy of cell-penetrating peptide-PMO conjugates by improving cellular uptake, which is presumably taken up by a separate pathway from unmodified PMO.[@bib11], [@bib16], [@bib17], [@bib18], [@bib19]

GF Fails to Enhance BMSP-PMO Activities in Aged *mdx* Mice {#sec2.2}
----------------------------------------------------------

Given 6 mg/kg BMSP-PMO-GF was unable to induce dystrophin expression in the dystrophic heart, a higher but non-saturating dose of 20 mg/kg might be required to demonstrate GF-induced enhancement of BMSP-PMO activity in *mdx* mice. As aged *mdx* mice were shown to better mimic cardiac abnormalities manifested in DMD patients,[@bib20], [@bib21], [@bib22] GF's effects on BMSP-PMO in dystrophic hearts were evaluated in 14-month-old *mdx* mice. Strikingly, a single intravenous injection of BMSP-PMO-GF at the dose of 20 mg/kg elicited substantial numbers of dystrophin-positive fibers in aged *mdx* hearts ([Figure 2](#fig2){ref-type="fig"}A), with approximately 30% of normal level of dystrophin protein restored ([Figure 2](#fig2){ref-type="fig"}B), though there was no evident difference between the GF and saline groups. Consistently, cardiac function marginally improved as ejection fraction (EF) and fractional shortening (FS) of left ventricles substantially rose and interventricular septum (IVS) thickness and left ventricle mass decreased in BMSP-PMO-treated aged *mdx* mice compared to untreated age-matched *mdx* controls ([Figure 2](#fig2){ref-type="fig"}C), though no difference was observed between the GF and saline groups, suggesting that BMSP-PMO is effective in the dystrophic heart but GF failed to augment its activity in aged *mdx* hearts.Figure 2Systemic Evaluation of BMSP-PMO-GF or BMSP-PMO-S in Cardiac Muscles of Aged *mdx* Mice14-month-old *mdx* mice were treated with BMSP-PMO-GF or BMSP-PMO-S at the dose of 20 mg/kg for a single intravenous injection. (A) Immunohistochemistry for dystrophin expression in the heart from aged *mdx* mice treated with BMSP-PMO-GF or BMSP-PMO-S (scale bar, 50 μm). (B) Representative western blot and quantitative analysis to show dystrophin restoration in aged *mdx* mice treated with BMSP-PMO-GF (n = 5) or BMSP-PMO-S (n = 3). 4 and 8 μg total protein from *C57BL6* and 20 μg from untreated and treated *mdx* muscle samples were loaded, respectively. α-actinin was used as the loading control. (C) Measurement with echocardiography of heart functions in aged *mdx* mice treated with BMSP-PMO-GF (n = 5) or BMSP-PMO-S (n = 4), age-matched *C57BL6* mice (n = 6), and untreated *mdx* controls (n = 8) (\*p \< 0.05). EF and FS refer to ejection fraction and fractional shortening, respectively. IVS means interventricular septum. (D) Measurement of serum creatine kinase-MB (CK-MB) levels in treated aged *mdx* mice (n = 3, \*p \< 0.05). (E) Collagen deposition analysis in hearts from treated aged *mdx* mice (scale bar, 100 μm). (F) Immunohistochemical staining for CD68^+^ macrophages in hearts from treated aged *mdx* mice (scale bar, 100 μm). Arrowheads point to CD68-positive macrophages. (G) Quantification of PMO levels in heart tissues from treated aged *mdx* mice with ELISA (n = 3). (H) Measurement of ATP levels in hearts of treated aged *mdx* mice (n = 3). Significance was determined with a two-tailed t test.

Corroborating with the improved heart function, a significant reduction in serum creatine kinase-MB (CK-MB) ([Figure 2](#fig2){ref-type="fig"}D), an enzyme found primarily in cardiac muscle cells,[@bib23], [@bib24] and decreased fibrotic areas ([Figure 2](#fig2){ref-type="fig"}E) and much fewer inflammatory cells ([Figure 2](#fig2){ref-type="fig"}F) were seen in BMSP-PMO-treated aged *mdx* hearts compared to untreated age-matched *mdx* controls, with the GF and saline groups showing comparable efficacy. Similar amounts of PMO ([Figure 2](#fig2){ref-type="fig"}G) and comparable levels of ATP ([Figure 2](#fig2){ref-type="fig"}H) were detected in aged *mdx* hearts treated with BMSP-PMO-GF or BMSP-PMO-S. This implies that GF could not enhance BMSP-PMO activities in aged *mdx* hearts, which seem to be limited in the ability to generate ATP compared to adult *mdx* mice ([Figure S2](#mmc1){ref-type="supplementary-material"}A). Corroborating with the heart data, pronounced and comparable levels of dystrophin expression were present in peripheral muscles of aged *mdx* mice treated with BMSP-PMO-GF or BMSP-PMO-S ([Figures S2](#mmc1){ref-type="supplementary-material"}B--S2D). Similarly, no difference was detected in PMO uptake or ATP levels in peripheral muscles of aged *mdx* mice treated with BMSP-PMO-GF or BMSP-PMO-S ([Figures S2](#mmc1){ref-type="supplementary-material"}E and S2F). These findings indicate that BMSP-PMO is able to rescue the functional impairments in aged *mdx* hearts but GF failed to potentiate its efficacy.

GF Potentiates BMSP-PMO Efficacy in Adult *mdx* Mice {#sec2.3}
----------------------------------------------------

To determine whether GF potentiates BMSP-PMO efficacy in adult dystrophic hearts, we administered BMSP-PMO-GF in adult *mdx* mice under an identical dosing regimen to aged *mdx* mice (20 mg/kg for a single intravenous injection). Strikingly, substantial increases in dystrophin-positive fibers ([Figure 3](#fig3){ref-type="fig"}A) and approximately 2-fold higher levels of dystrophin were found in BMSP-PMO-GF-treated adult *mdx* hearts (60% ± 5.9%) compared to BMSP-PMO-S (31% ± 2.0%) ([Figure 3](#fig3){ref-type="fig"}B). Concordantly, a significant increase in PMO levels was detected in BMSP-PMO-GF-treated *mdx* hearts compared to BMSP-PMO-S ([Figure 3](#fig3){ref-type="fig"}C), though only a marginal increase in the level of ATP was observed ([Figure 3](#fig3){ref-type="fig"}D), supporting the notion that GF potentiates BMSP-PMO efficacy in *mdx* hearts by increasing its cellular uptake.Figure 3Dystrophin Restoration in Cardiac Muscles of Adult *mdx* Mice Treated with a Single Intravenous Injection of BMSP-PMO-GF or BMSP-PMO-S at 20 mg/kg(A) Immunohistochemistry for dystrophin expression in the heart from adult *mdx* mice treated with BMSP-PMO-GF (scale bar, 50 μm). (B) Representative western blot and quantitative analysis to show dystrophin restoration in adult *mdx* mice treated with BMSP-PMO-GF or BMSP-PMO-S (n = 3, \*\*p \< 0.01). 5 and 10 μg total protein from *C57BL6* and 20 μg from untreated and treated *mdx* muscle samples were loaded, respectively. α-actinin was used as the loading control. (C) Quantification of PMO levels in heart tissues of treated adult *mdx* mice with ELISA (n = 3, \*p \< 0.05). (D) Measurement of ATP levels in hearts of treated adult *mdx* mice (n = 3). Significance was determined with a two-tailed t test.

Although the level of dystrophin significantly increased in adult *mdx* hearts, no functional difference was found in treated adult *mdx* hearts compared to age-matched normal and untreated *mdx* controls ([Figure S3](#mmc1){ref-type="supplementary-material"}), as no cardiac abnormality was noticed in adult *mdx* mice employed in the study. Unsurprisingly, near normal myoarchitecture was restored with all skeletal muscle fibers stained positive for dystrophin ([Figure S4](#mmc1){ref-type="supplementary-material"}A), and almost total exon skipping of the mutated transcript was induced ([Figure S4](#mmc1){ref-type="supplementary-material"}B) in adult *mdx* mice treated with BMSP-PMO-GF or BMSP-PMO-S. Levels of dystrophin protein significantly rose in quadriceps and triceps of BMSP-PMO-GF-treated adult *mdx* mice compared to BMSP-PMO-S ([Figures S4](#mmc1){ref-type="supplementary-material"}C and S4D), further confirming the enhancement of GF on BMSP-PMO in peripheral muscles. Corroborating with the low-dose BMSP-PMO data, marginally increased levels of PMO and ATP were detected in the quadriceps of BMSP-PMO-GF-treated *mdx* mice compared to BMSP-PMO-S ([Figures S4](#mmc1){ref-type="supplementary-material"}E and S4F). These results support the conclusion that GF augments BMSP-PMO activity in *mdx* mice in an age-dependent manner.

BMSP-PMO-GF Elicits Phenotypic Improvement in Adult *mdx* Hearts {#sec2.4}
----------------------------------------------------------------

Given the high activity of BMSP-PMO-GF observed in adult *mdx* hearts, we next examined its ability to restore function and correct disease pathologies in *mdx* mice. Dystrophin-associated protein complex (DAPC) destabilizes and mis-localizes in the absence of dystrophin, and thus the relocalization of DAPC was used as a parameter for functional improvement in DMD patients.[@bib1] Immunohistochemical staining of DAPC components, including β-dystroglycan and α- and β-sarcoglycan, in BMSP-PMO-treated adult *mdx* hearts indicated correct localization in sarcolemmal membrane ([Figure 4](#fig4){ref-type="fig"}A). Serum CK-MB levels ([Figure 4](#fig4){ref-type="fig"}B) and immunoglobulin (Ig) staining ([Figures 4](#fig4){ref-type="fig"}C and 4D) were significantly reduced in BMSP-PMO-GF-treated adult *mdx* hearts compared to BMSP-PMO-S and untreated age-matched *mdx* controls. It indicates the improved membrane integrity of treated *mdx* hearts. A pronounced reduction in collagen deposition/fibrotic areas ([Figures 4](#fig4){ref-type="fig"}E and 4F) and much fewer inflammatory cells ([Figure 4](#fig4){ref-type="fig"}G) were seen in BMSP-PMO-GF-treated aged *mdx* hearts compared to BMSP-PMO-S and untreated age-matched *mdx* controls, further supporting the conclusion that BMSP-PMO-GF elicits phenotypic improvements in adult *mdx* hearts. These data demonstrate that BMSP-PMO-GF can elicit molecular correction and phenotypic rescue of adult *mdx* hearts.Figure 4Functional Correction of Cardiac Muscles in Adult *mdx* Mice Treated with a Single Intravenous Injection of BMSP-PMO-GF or BMSP-PMO-S at 20 mg/kg(A) Re-localization of dystrophin-associated protein complex (DAPC) components in treated dystrophic hearts to assess dystrophin function and recovery of normal myoarchitecture (scale bar, 100 μm). (B) Measurement of serum CK-MB levels in treated adult *mdx* mice (n = 3, \*p \< 0.05). IgG staining (C) and quantitative analysis (D) to assess the membrane integrity in hearts from adult *mdx* mice treated with BMSP-PMO-GF or BMSP-PMO-S (scale bar, 100 μm) (n = 3, \*p \< 0.05). Collagen deposition staining (E) and quantitative analysis (F) in hearts from adult *mdx* mice treated with BMSP-PMO-GF or BMSP-PMO-S (scale bar, 100 μm) (n = 3, \*p \< 0.05). (G) Immunohistochemical staining for CD68^+^ macrophages in hearts from treated aged *mdx* mice (scale bar, 100 μm). Significance was determined with a two-tailed t test.

Consistent with molecular correction, BMSP-PMO-GF induced phenotypic rescue in peripheral muscles of adult *mdx* mice reflected by significantly increased grip strength ([Figure 5](#fig5){ref-type="fig"}A), reduced levels of serum CK ([Figure 5](#fig5){ref-type="fig"}B) and decreased numbers of inflammatory cells ([Figure 5](#fig5){ref-type="fig"}C), and correct re-localization of DAPC ([Figure 5](#fig5){ref-type="fig"}D) in BMSP-PMO-treated adult *mdx* mice compared to untreated age-matched *mdx* controls, though no significant difference was observed between BMSP-PMO-GF and BMSP-PMO-S, which can probably be attributed to high levels of dystrophin expression restored in peripheral muscles.Figure 5Functional Rescue of Peripheral Muscles in Adult *mdx* Mice Treated with a Single Intravenous Injection of BMSP-PMO-GF or BMSP-PMO-S at 20 mg/kg(A) Muscle function was assessed with grip strength to determine the physical improvement in adult *mdx* mice treated with BMSP-PMO-GF (n = 6) or BMSP-PMO-S (n = 3, \*p \< 0.05). (B) Measurement of serum CK levels in treated adult *mdx* mice (n = 3, \*p \< 0.05). (C) Immunohistochemical staining for CD68^+^ macrophages in quadriceps from treated adult *mdx* mice (scale bar, 50 μm). (D) Re-localization of DAPC components in quadriceps from treated adult *mdx* mice (scale bar, 100 μm). Significance was determined with a two-tailed t test.

BMSP-PMO-GF Does Not Evoke Any Overt Toxicity in Adult *mdx* Mice {#sec2.5}
-----------------------------------------------------------------

To determine whether the combination of GF and BMSP-PMO would evoke any toxicity in adult *mdx* mice, we measured serum indices for liver and kidney functions, including γ-Glutamyl Transferase (GGT), aspartate aminotransferase (AST), and alanine aminotransferase (ALT), which are usually elevated in *mdx* mice,[@bib25], [@bib26] and creatinine (Cr) and urea (UA). Serum AST and ALT levels significantly declined ([Figure 6](#fig6){ref-type="fig"}A) and there was no change in creatinine and urea ([Figure 6](#fig6){ref-type="fig"}B) in BMSP-PMO-GF-treated adult *mdx* mice compared to untreated age-matched *mdx* controls, indicating no liver and kidney toxicities. Examination on serum glucose revealed no abnormal increase in BMSP-PMO-GF-treated adult *mdx* mice compared to untreated *mdx* and normal controls ([Figure 6](#fig6){ref-type="fig"}C). Consistently, no detectable morphological deformation was found in liver and kidney from *mdx* mice treated with BMSP-PMO-GF, as demonstrated by H&E staining ([Figure 6](#fig6){ref-type="fig"}D), showing that BMSP-PMO-GF does not elicit any overt toxicity in *mdx* mice.Figure 6Measurements of Liver and Kidney Functions in Adult *mdx* Mice Treated with BMSP-PMO-GF or BMSP-PMO-S at 20 mg/kg(A) Measurement of serum levels of liver enzymes in adult *mdx* mice treated with BMSP-PMO-GF compared to untreated age-matched *mdx* controls (n = 3, \*p \< 0.05). Analysis of biochemical indicators for kidney function (B) and glucose (C) in adult *mdx* mice treated with BMSP-PMO-GF or BMSP-PMO-S. Data show no difference in the level of serum creatinine (Cr), urea (UA), and glucose in *mdx* mice treated with BMSP-PMO-GF compared to untreated *mdx* and normal controls (n = 3). (D) H&E staining of liver (upper panel) and kidney (lower panel) tissues sections from treated *mdx* mice and untreated *mdx* and *C57BL6* controls (scale bar, 100 μm). Significance was determined with a two-tailed t test.

Discussion {#sec3}
==========

Enhancing AO activities in the heart remains a hurdle for exon-skipping therapeutics in DMD. Here we investigated the potency of GF on enhancing AO activities in dystrophic hearts by co-administering GF with BMSP-PMO in *mdx* mice. GF significantly enhanced the uptake and activity of BMSP-PMO and elicited phenotypic rescue in peripheral muscle and heart of adult *mdx* mice, but it failed to do so in aged *mdx* mice, indicating an age-related diminution effect. Our data demonstrate that BMSP-PMO is potent in membrane permeabilization and internalization independent of age whereas GF functions in an age-dependent manner. Given GF-based infusions have been extensively employed in clinical practice, this approach can be fast-tracked to the clinic by simply buffering approved AOs with GF. Thus our study provides a general and simple strategy to augment the potency of oligonucleotides and ease the economic burden of DMD patients by reducing the drug-related costs.

With low doses of BMSP-PMO and R-PMO, we were able to show the enhancement of GF on PMO activities but failed to induce any dystrophin expression in the heart, suggesting that a threshold concentration exists for peptide-conjugated PMO. This was verified with the high-dose study, which showed differentiable effect conferred by GF both in cardiac and peripheral muscles of adult *mdx* mice. Notably, due to the high dose employed, the difference between GF and saline in peripheral muscles was less evident, as BMSP-PMO is extremely potent in inducing exon-skipping in *mdx* mice. However, GF was unable to potentiate the activity of BMSP-PMO in aged *mdx* mice, which is likely attributed to the impaired mitochondria as they worsen in aged mice.[@bib27], [@bib28]

Notably, the level of dystrophin required for therapeutic improvements in dystrophic hearts remains undetermined, with reports showing a range of negligible to near normal levels of dystrophin in hearts in different model systems.[@bib29], [@bib30], [@bib31], [@bib32] In our current study, although about 30% of normal level of dystrophin protein was restored in aged dystrophic hearts, there was no significant functional improvement observed in *mdx* mice treated with BMSP-PMO either in saline or GF compared to age-matched *mdx* controls. Interestingly, a significant cardiac improvement was detected in BMSP-PMO-treated aged *mdx* mice when the saline and GF groups were combined (data not shown), suggesting that a large number of aged *mdx* mice are required. Nevertheless, there was no difference between BMSP-PMO in saline and GF. As adult *mdx* mice showed mild cardiac dysfunction, we were unable to demonstrate cardiac functional improvement conferred by GF, though phenotypic and molecular corrections were achieved. Therefore, utrophin and dystrophin double-knockout (DKO) mice will be an ideal model system to evaluate the potency of GF in hearts,[@bib33] and future studies in DKO mice are warranted.

Although GF failed to enhance BMSP-PMO activities in aged *mdx* mice, considering the current trials for exon-skipping therapeutics focus on children and young adults, GF might present a great clinical potential in combination with approved AO drugs for DMD treatment. BMSP-PMO was effective in inducing dystrophin expression in cardiac and peripheral muscles of *mdx* mice independent of ages, further confirming the strong membrane permeability of BMSP.[@bib14] In addition, our previous studies demonstrated that both BMSP-PMO and PMO used the energy-dependent endocytosis pathway,[@bib11], [@bib18] and here we showed that GF enables the enhancement of different cargoes utilizing energy-dependent pathways in dystrophic muscles. Notably, although the ATP level was only marginally elevated, GF was able to enhance the uptake of BMSP-PMO in peripheral and cardiac muscles of *mdx* mice, suggesting that a small increase in the level of ATP can generate an amplified effect on PMO uptake. However, we cannot exclude the possibility that other mechanisms might be involved. Strikingly, a significant enhancement was found in smooth muscle such as trachea from BMSP-PMO-GF-treated adult *mdx* mice compared to BMSP-PMO-S at 20 mg/kg ([Figures S5](#mmc1){ref-type="supplementary-material"}A--S5C), suggesting that GF is potent in smooth muscles of *mdx* mice. This is also, to our knowledge, the first report showing the restoration of dystrophin in the trachea of *mdx* mice.

In conclusion, we demonstrate that GF can augment BMSP-PMO activities in cardiac, peripheral, and smooth muscles of *mdx* mice in an age-dependent manner, and thus we provide evidence for the clinical deployment of GF in DMD patient populations. The findings presented here also provide a tool for facilitating the delivery of AOs to cardiac and smooth muscles in DMD and other muscle-related disorders.

Materials and Methods {#sec4}
=====================

Animals and Injections {#sec4.1}
----------------------

Adult *mdx* (6- to 8-week-old) mice, aged *mdx* (14-month-old) mice, and age-matched *C57BL6* mice were used in all experiments (purchased from The Jackson Laboratory, USA; the number for each group is specified in the figure legends). The experiments were carried out in the Animal unit, Tianjin Medical University (Tianjin, China), according to procedures authorized by the institutional ethical committee (permit SYXK 2009-0001). For systemic studies, various amounts of BMSP-PMO or R-PMO in 120 μL saline or GF (2.5% glucose:2.5% fructose) (Sigma, USA) were injected into the tail vein of *mdx* mice at final doses of 6 or 20 mg/kg, respectively. Mice were sacrificed by CO~2~ inhalation at 2 weeks after the last injection, muscles and other tissues were snap-frozen in liquid nitrogen-cooled isopentane and stored at −80°C or fixed with Bouin's solution (Sigma, USA) and embedded with paraffin for histological studies.

Oligonucleotides {#sec4.2}
----------------

The BMSP-PMO and R-PMO peptide conjugates were synthesized and purified to \>90% purity by H.M.M. (Oregon State University, Corvallis, OR, USA). The sequences of peptide B-MSP or R is RXRRBRRXRRBRXB-ASSLNIAX or (RXR)~4~ XB.[@bib14], [@bib15] PMO was synthesized and purified by GeneTools (Corvallis, OR, USA). PMO (5′-GGCCAAACCTCGGCTTACCTGAAAT-3′) sequence was targeted to murine dystrophin exon 23/intron 23 boundary sites, as reported previously.[@bib34] The PMO was conjugated to carboxyl groups at the C terminus of BMSP or R peptide using a method described elsewhere.[@bib35]

RNA Extraction and Nested RT-PCR Analysis {#sec4.3}
-----------------------------------------

Total RNA was extracted with TRIzol (Invitrogen, UK), as per the manufacturer's instructions, from BMSP-PMO-treated muscles, and 400 ng RNA template was used for 20 μL RT-PCR with OneStep RT-PCR kit (QIAGEN, UK), as described previously.[@bib11] The primer sequences for the initial RT-PCR were exon 20 F0: 5′-CAGAATTCTGCCAATTGCTGAG-3′ and exon 26 R0: 5′-TTCTTCAGCTTTTGTGTCATCC-3′ for reverse transcription from mRNA and amplification of cDNA from exons 20 to 26. The primer sequences for the second round were exon 20 F1: 5′-CCCAGTCTACCACCCTATCAGAGC-3′ and exon 24 R1: 5′-CCTGCCTTTAAGGCTTCCTT-3′. The products were examined by electrophoresis on a 2% agarose gel.

Immunohistochemistry and Histology {#sec4.4}
----------------------------------

A series of 8-μm sections was examined for dystrophin, DAPC, and macrophages with a series of polyclonal and monoclonal antibodies, as described elsewhere.[@bib11] Routine H&E staining was used to examine liver and kidney morphology. For the IgG immunostaining, goat anti-mouse IgG Alex Fluor 488 secondary antibody (1:200) was used as described previously.[@bib12] The quantification of IgG-positive areas was based on the ratio between the IgG-positive area and total area of each section with ImageJ software. Three sections per mouse and three mice were measured for quantitative analysis.

Protein Extraction and Western Blot {#sec4.5}
-----------------------------------

Protein extraction and western blot were carried out as previously described.[@bib11] Various amounts of protein from the tibialis anterior (TA) muscle of *C57BL6* mice as a positive control and 20 or 50 μg total protein from muscles of treated or untreated *mdx* mice were used unless otherwise specified. The quantification is based on band intensity and area with ImageJ software and compared with that from TA muscles of *C57BL6* mice. Briefly, the densitometric intensity of each band including dystrophin and α-actinin was measured, and then the dystrophin values were divided by their respective α-actinin values. The dystrophin:α-actinin ratios of treated samples were normalized to the average *C57BL6* dystrophin:α-actinin ratios (from serial dilutions).

Functional Grip Strength {#sec4.6}
------------------------

Treated and control mice were tested using a commercial grip strength monitor (Chatillon, UK). The procedure was performed as previously described.[@bib11] Briefly, mice were held 2 cm from the base of the tail, allowed to grip a protruding metal triangle bar attached to the apparatus with their forepaws, and pulled gently until they released their grip. The force exerted was recorded and five sequential tests were carried out for each mouse, averaged at 30 s apart. Subsequently, the readings for force recovery were normalized by the body weight.

Clinical Biochemistry {#sec4.7}
---------------------

Serum and plasma were taken from the jugular vein immediately after sacrifice with CO~2~ inhalation. Analysis of serum CK, AST, ALT, GGT, Cr, urea, and CK-MB was performed by the clinical pathology laboratory (Tianjin Medical University, Metabolic Hospital, Tianjin, China).

ATP Assay {#sec4.8}
---------

The extraction of ATP from muscles was the same as described previously.[@bib11] Briefly, muscles were harvested and snap-frozen in liquid nitrogen, and 10--20 mg of 4- to 6-μm-thick cryosections was collected into a 1.5-mL Eppendorf tube. 0.4 M HClO~4~ (600 μL) was added to dissolve sections followed by vortexing for 1 min on ice. The tube was spun for 5 min at 2,000 rpm at 4°C, and the supernatant was transferred to a new tube and another 400 μL 0.4 M HClO4 was added into the precipitate, followed by centrifugation as in the previous step. Subsequently, the supernatant was spun at 4°C for 5 min at 2,000 rpm to remove debris, and it was stored for assay. CellTiter-Glo Luminescent Cell Viability Assay kit (Promega, WI, USA) was used to measure the ATP level from muscles extraction.

Masson's Trichrome Staining {#sec4.9}
---------------------------

Masson's trichrome staining kit (Solarbio, China) was applied for the collagen staining as described previously.[@bib12] Briefly, a series of 8-μm sections was fixed overnight in Bouin's solution, followed by staining with the kit as per the manufacturer's instructions. The collagen-positive area was measured by ImageJ software, and 3 sections per mouse and 3 mice per group were measured. For each section, we calculated the ratio between the collagen-positive area and total area of sections.

ELISA for PMO {#sec4.10}
-------------

ELISA was used to detect the amount of PMO in muscle tissues as described previously.[@bib12] Briefly, a DNA probe was designed with sequences complementary to PMO (synthesized by The Beijing Genomics Institute, Beijing, China) as follows: 5′-ATTTCAGGTAAGCCGAGGTTTGGCC-3′, with phosphorothioate ends in bold. The 5′ and 3′ ends of the probe were labeled with digoxigenin and biotin, respectively. Standard BMSP-PMO samples and muscle tissues (100 mg/mL) were digested with 20 mg/mL proteinase K at 55°C overnight. To avoid the interference of peptide in the detection, the digested samples were further incubated in 2.5 mg/mL trypsin at 37°C overnight.

Following PMO-probe hybridization, the avidin-biotin interaction of the hybridized probe was performed on Pierce NeutrAvidin Coated 96-well plates, Black (Thermo Fisher Scientific, MA, USA). Unhybridized probes were digested with micrococcal nuclease at 10 U/μL (Thermo Fisher Scientific, MA, USA). Then the hybridized probes were reacted with rabbit monoclonal antibody (1:1,000; Cell Signaling Technology, MA, USA) to digoxigenin, followed by detection with peroxidase-conjugated goat anti-rabbit IgG (Abcam, Cambridge, UK). Signals from the PMO-hybridized probe were detected at 450 nm with TME Substrate (Solarbio, Beijing, China) in a monochromator EnSpire Multimode plate reader (PerkinElmer, Boston, MA, USA).

Cardiac Function Measurements {#sec4.11}
-----------------------------

Cardiac structure and function were assessed by echocardiography as described elsewhere.[@bib36], [@bib37] Briefly, echocardiography was performed on *C57BL6*, untreated *mdx* and treated *mdx* mice in mono-dimensional mode (M-Mode) with a high-resolution transducer at a frequency of 30 MHz (VisualSonics Vevo770, Canada). Mice were held in the supine position and anesthetized by isoflurane with the shaved anterior chest wall. Warm ultrasound gel was applied to the shaved chest, and the transducer probe was placed over the left hemithorax. Parasternal and short-axis two-dimensional images of the left ventricle were acquired to determine the correct M-Mode cursor positioning. Multiple short-axis M-Mode images were acquired and the images were analyzed for left ventricle functions. Heart rate was determined from at least three consecutive RR intervals. The left ventricle M-Mode trace was used to measure EF, FS, and left ventricle mass.

Data Analysis {#sec4.12}
-------------

All data are reported as mean values ± SEM. Statistical differences between different treated groups were evaluated by SigmaStat (Systat Software, Chicago, IL, USA). Both parametric and non-parametric analyses were applied, in which the Mann-Whitney rank-sum test (Mann-Whitney U test) was used for samples on a non-normal distribution whereas a two-tailed t test was performed for samples with a normal distribution, respectively.
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